Competitive adsorption of dilute quantities of certain organic molecules and water at silicate surfaces strongly influence the rates of silicate dissolution, hydration, and crystallization. Here, we determine the molecular-level structures, compositions, and site-specific interactions of adsorbed organic molecules at low absolute bulk concentrations on heterogeneous silicate particle surfaces at early stages of hydration. Specifically, dilute quantities (∼0.1% by weight of solids) of the disaccharide sucrose or industrially important phosphonic acid species slow dramatically the hydration of low-surface-area (∼1 m 2 /g) silicate particles. Here, the physicochemically distinct adsorption interactions of these organic species are established by using dynamic nuclear polarization (DNP) surface-enhanced solid-state NMR techniques. These measurements provide significantly improved signal sensitivity for near-surface species that is crucial for the detection and analysis of dilute adsorbed organic molecules and silicate species on low-surface-area particles, which until now have been infeasible to characterize. DNP-enhanced 2D 29 Si{ 1 H}, 13 C{ 1 H}, and 31 P{ 1 H} heteronuclear correlation and 1D 29 Si{ 13 C} rotational-echo double-resonance NMR measurements establish hydrogen-bond-mediated adsorption of sucrose at distinct nonhydrated and hydrated silicate surface sites and electrostatic interactions with surface Ca 2+ cations. By comparison, phosphonic acid molecules are found to adsorb electrostatically at or near cationic calcium surface sites to form Ca 2+ − phosphonate complexes. Although dilute quantities of both types of organic molecules effectively inhibit hydration, they do so by adsorbing in distinct ways that depend on their specific architectures and physicochemical interactions. The results demonstrate the feasibility of using DNP-enhanced NMR techniques to measure and assess dilute adsorbed molecules and their molecular interactions on low-surface-area materials, notably for compositions that are industrially relevant.
■ INTRODUCTION
Competitive adsorption of small quantities of organic species versus other chemical species (e.g., organic or inorganic species, water) at organic or inorganic surfaces can significantly influence dissolution, hydration, and crystallization processes in diverse synthetic and biogenic materials, especially those with low surface areas. For example, the growth rates and morphologies of molecular crystals can be controlled by using dilute chemical species that adsorb competitively at specific crystal facets or surface lattice sites. 1, 2 Pathogenesis of kidney stones can be prevented by suppressing the undesirable growth of L-cystine by selective adsorption of architecturally similar molecules, such as L-cystine dimethylester, at fast-growing highsurface-energy crystal facets. 3 Saccharide and carboxylate moieties in small quantities have been shown to stabilize biogenic carbonates by controlling hydration and dissolution processes, thereby influencing the structures and mechanical properties of carbonate shells, spines, etc. 4−8 Furthermore, the adhesion of marine organisms, such as mussels, at hydrated inorganic surfaces is promoted by the interactions of saccharide species with Fe 3+ cations. 9 Similar surface phenomena in calcium silicate and aluminate-based cementitious structural materials are strongly influenced by the presence of dilute concentrations of organic molecules in aqueous solutions. Generally, the molecular-level origins of the diverse adsorption behaviors of dilute organic species on low-surface-area solids are important to establish because they are often correlated with macroscopic rheological and mechanical properties.
In particular, the mechanical properties of aluminosilicate cements that enable their widespread structural applications develop through a series of steps involving dissolution, precipitation, and crystallization of low-surface-area inorganic oxides (e.g., tricalcium silicate and tricalcium aluminate) in water. 10, 11 Dilute concentrations (≤1% by weight of solids, bwos) of organic species are often used to slow the hydration kinetics and alter rheological properties 10,12−14 as desirable, for example, in oil well cementing operations that require fluidity of cement−water mixtures for extended times and at elevated pressures and temperatures. This involves competitive adsorption of organic molecules in place of water at silicate or aluminate particle surfaces, which slows or prevents the formation of hydration products. Despite their enormous technological importance, much remains unknown about the specific adsorption behaviors and molecular interactions of organic molecules at low-surface-area (ca. 1 m 2 /g) silicate or aluminate particles. This is especially the case for dilute, industrially relevant concentrations (≤0.1% bwos) of adsorbate molecules, which are exceedingly difficult to detect and characterize at low bulk concentrations. These challenges are exacerbated by the heterogeneous molecular environments and lack of long-range structural order that are characteristic of surfaces in general and specifically in these complicated multicomponent solid−liquid mixtures.
The structures and compositions of hydrated silicate and aluminate species have been shown to depend strongly on the types and quantities of organic molecules used during hydration. Combined insights from characterization techniques, such as X-ray and neutron diffraction, infrared and Raman spectroscopy, X-ray absorption spectroscopy, and electron microscopy provide information over complementary length scales on the chemical transformations that occur as a result of hydration. 15 Such methods, however, provide limited insights on site-specific molecular-level interactions or adsorption behaviors of dilute chemical species at inorganic oxide surfaces. By comparison, nuclear magnetic resonance (NMR) spectroscopy methods are sensitive to local atomic environments and can be readily applied to solids lacking long-range structural order. For example, 1D solid-state 29 Si, 27 Al, and 43 Ca magicangle-spinning (MAS) NMR measurements have been extensively used to monitor the transformation of silicate, aluminate, and calcium species, respectively, in cementitious materials hydrated without and with chemical additives (e.g., organic molecules). 11,16−22 Such 1D NMR methods, in combination with macroscopic calorimetry, conductivity, rheological, and compressive strength measurements, facilitate understanding of the effects of different organic compounds on the hydration rates of tricalcium silicate (Ca 3 SiO 5 ) and more complicated cement mixtures. 12,14,21,23−27 Solid-state 2D 13 C{ 1 H}, 29 Si{ 1 H}, and 27 Al{ 1 H} heteronuclear correlation (HETCOR) and 1 H{ 1 H} double-quantum (DQ) NMR measurements of silicates and aluminates hydrated with organic additives (e.g., stabilizers or hydration inhibitors) have established surprisingly diverse influences of closely related organic molecules, such as glucose and sucrose, on the rates of hydration. 13, 28, 29 Similar 2D NMR methods have also been used to measure the molecular interactions of organic acids adsorbed at much higher concentrations (4−40% bwos) on titania and zirconia nanoparticles that also have high surface areas (50−150 m 2 /g). 30 As conventionally practiced, however, NMR spectroscopy is relatively insensitive, so detecting and resolving the NMR signals from organic molecules and inorganic species in low-surface-area cementitious materials have required concentrations of at least 1% bwos of the organic species, which furthermore must often be isotopically enriched to be feasible. 13, 26, 28 Such relatively high loadings generally correspond to multilayers of organic molecules adsorbed on particle surfaces, and the bulklike characters of the multilayers tend to obscure the influences and interactions of the mostimportant first adsorption layer that is thought to be principally responsible for inhibiting hydration.
By comparison, industrially relevant concentrations are typically an order of magnitude lower (0.1% bwos) and correspond to approximately monolayer coverages of organic molecules on low-surface-area (∼1 m 2 /g) particles. Such dilute loadings have been infeasible to characterize at a molecular level by conventional methods, including NMR. Nevertheless, recent advancements in dynamic-nuclear-polarization (DNP) NMR spectroscopy 31−34 have resulted in dramatically improved NMR signal sensitivity that opens new opportunities to probe the interactions of dilute quantities of surface-adsorbed organic species on low-surface-area solids. Solid-state DNP NMR techniques rely on continuous microwave irradiation to transfer the large electron spin polarization to nuclear spins. Dramatic NMR signal enhancements can result, up to a theoretical limit of the ratio of the electronic and nuclear gyromagnetic ratios (γ e /γ H ∼ 658 for 1 H). These advances have enabled rapid acquisition of multidimensional NMR spectra for characterization of 13 C-and 15 N-labeled biological solids in frozen solutions where exogenous stable radicals are used as a source of electron polarization. 35−44 More recently, it has been shown that solid-state DNP surface-enhanced NMR spectroscopy (DNP SENS) can be used to selectively enhance NMR signals from nuclei present at surfaces in high-surface-area (500−1000 m 2 /g) materials (e.g., surface-functionalized mesoporous silicas). 32, 45 This DNP SENS approach has been demonstrated for 13 C and 29 Si moieties (at natural isotopic abundance) present at the surfaces of functionalized mesoporous silica nanoparticles 32, 45 and subsequently applied to 13 C, 15 N, 17 O, 27 Al, 29 Si, and 119 Sn in a wide variety of relatively high-surfacearea materials. 34,46−58 Here, DNP SENS measurements are shown to enable sensitive study of dilute (∼0.1% bwos) organic molecules adsorbed on low-surface-area (∼1 m 2 /g) silicate particles and establish the molecular origins by which they inhibit hydration.
We hypothesize that the relative efficacies of surfaceadsorbed organic molecules, such as saccharides and phosphonic acids, to inhibit silicate hydration are due to their molecular compositions and architectures, which directly influence their adsorption behaviors and chemistries in these complicated heterogeneous mixtures. Specifically, tricalcium silicate hydrated with dilute industrially relevant concentrations of sucrose, a representative nonreducing saccharide, and an industrially important organic compound, nitrilotri-(methylenephosphonic acid) (NTMP), are examined to establish how their different molecular structures (Chart 1) result in distinct surface interactions that dramatically inhibit hydration processes. High 13 C and 29 Si DNP NMR signal enhancements are reported here for low-surface-area (∼1 m 2 / g) nonporous silicate particles with approximately monolayer coverages of surface-adsorbed organic molecules. This enables high-resolution solid-state 2D DNP NMR spectra of dilute surface species to be recorded in short measurement times (ca. 1 h) that are otherwise infeasible for these demanding material compositions using conventional NMR methods. To the best of our knowledge, this is the first time that such detailed molecular-level measurements have been reported on the surface chemistry of dilute species adsorbed on low-surface-area (∼1 m 2 /g) heterogeneous materials. The analyses yield detailed new understanding of the molecular compositions and sitespecific interactions of organic moieties, hydroxyl species, water, and silicate species that account for the complicated influences of small amounts of surface-adsorbed molecules on the hydration behaviors of a technologically important silicate material.
■ MATERIALS AND METHODS
Anhydrous triclinic tricalcium silicate (Ca 3 SiO 5 , Mineral Research Processing, France), 99% 13 C-enriched D-sucrose (C 12 H 22 O 11 , Sigma-Aldrich), and NTMP (N(CH 2 PO(OH) 2 ) 3 , Sigma-Aldrich, 10−20% impurity of aqueous inorganic acids) were used as received. Hydrated samples were prepared by mixing the anhydrous powders (approximately 500 mg) and hydration inhibitor (e.g., sucrose or NTMP) at a loading of 0.1% bwos with water in polyethylene containers using a vortex mixer (Fisher Scientific) at 3000 rpm for 2 min. Samples hydrated without inhibitors were prepared under otherwise identical conditions. The resulting mixtures were determined to have pH values of 12.7 (±0.1). Water-to-solids mass ratios of 0.50 were used for preparing samples of hydrated tricalcium silicate, which resemble typical industrial formulations. After mixing, all materials were allowed to hydrate for 4 h at 90°C and 100% relative humidity, conditions that are similar to those used in oil well cementing applications. Following hydration, the products were immersed in liquid nitrogen and evacuated at 0.10 Torr and −40°C to quench the hydration process and remove unreacted bulk or weakly adsorbed water by freezedrying. 11 This method is expected to have negligible (if any) effects on the molecular-level chemistry of the hydrated samples and avoids the use of additional organic species that are often used in conventional techniques to quench hydration, which could complicate the analyses. 59 The solid samples of cementitious materials hydrated without or with hydration inhibitors were ground to a powder and kept dry thereafter in sealed vessels under vacuum to ensure no further molecular changes occurred in the samples prior to the DNP NMR measurements.
X-ray diffraction patterns were acquired on a Philips XPERT powder diffractometer using Cu Kα radiation with a wavelength of 1.54 Å. The samples were scanned at 12°/min between 2θ angles of 10−80°for tricalcium silicate hydrated (4 h, 90°C) without ( Figure  1a ) and with (Figure 1b) 0.1% bwos 13 C-labeled sucrose. The reflections in Figure 1b are indexable to triclinic tricalcium silicate with the P1̅ space group. 60 Figure 1a shows reflections that are indexable to calcium hydroxide (Ca(OH) 2 ) and calcium silicate hydrates, which partially overlap with the reflections indexable to tricalcium silicate. 10, 61 Scanning electron micrographs were obtained using an FEI XL40 Sirion FEG digital scanning electron microscope at 15 000× magnification and 5 kV electron beam voltage for tricalcium silicate hydrated (4 h, 90°C) without and with 0.1% bwos 13 C-labeled sucrose and are shown in Figure 1c ,d, respectively.
Solid-state NMR spectroscopy was used to characterize the molecular compositions and structures of hydrated cementitious materials. Conventional solid-state 1 H, 13 C, and 29 Si NMR experiments were conducted on an 11.7 T Bruker AVANCE-II NMR spectrometer, operating at frequencies of 499.84 MHz for 1 H, 125.69 MHz for 13 C, and 99.31 MHz for 29 Si, and under conditions of 10 kHz MAS at 25°C using a Bruker 4 mm H-X double resonance probehead and zirconia rotors with Kel-F caps. (The natural abundances of the spin-1/2 1 H, 13 C, 29 Si, and 31 P nuclei are 99.98, 1.1, 4.7, and 100%, respectively.) 1D single-pulse 1 H MAS spectra were acquired using a 90°pulse length of 4.0 μs and a recycle delay of 2 s. 1D single-pulse 29 Si MAS spectra were acquired using a 90°pulse length of 3.7 μs under conditions of proton decoupling (4.0 μs 90°1H pulses), and using a recycle delay of 500 s (5 × 29 Si spin−lattice relaxation time) to ensure thermal equilibration of the 29 Si magnetization between successive scans. 29 Si spin−lattice relaxation times (T 1 ) for the anhydrous and hydrated 29 Si silicate species were 97 (±12) and 76 (±4) s, respectively, as determined from 29 Si inversion−recovery measurements and analyses (Supporting Information, Figure S1 ). NMR line shape analyses were conducted using the software DMFit 2010, 62 with Gaussian or Lorentzian line shapes fit according to signal position, width, and amplitude. The 1 H, 13 C, and 29 Si NMR isotropic chemical shifts were referenced to tetramethylsilane, using tetrakis-(trimethylsilyl)silane [((CH 3 ) 3 Si) 4 Si] as a secondary standard, and 31 P NMR isotropic chemical shifts were referenced to a 85% phosphoric acid solution, using triphenylphosphine [P(C 6 H 5 ) 3 ] as a secondary standard. 63, 64 Conventional solid-state cross-polarization (CP) MAS NMR experiments 65 involve the excitation of abundant nuclear spins (typically 1 H) and subsequent magnetization transfer via dipole− dipole couplings to dilute nuclear spins (e.g., 13 C, 29 Si, etc.), as depicted schematically by the pulse sequence in Figure 2a . In the DNP NMR experiments, continuous microwave irradiation at the electron paramagnetic resonance (EPR) frequency is incorporated into the conventional CPMAS experiment, as depicted in Figure 2b . Specifically, for nitroxide biradical polarizing agents, such as biscyclohexyl-TEMPO-bisketal (bCTbK) and TEKPol (Chart 1) used in this study, the DNP mechanism proceeds via the cross effect. 31, 66, 67 Previously, the majority of DNP NMR studies have been performed on analytes dispersed in frozen aqueous or nonaqueous solutions of Chart 1. Molecular Structural Formulas of Sucrose, Nitrilotri(methylenephosphonic acid), and bCTbK and TEKPol Biradicals Figure 1 . (a and b) Powder X-ray diffraction patterns and (c and d) SEM micrographs of hydrated tricalcium silicate (4 h, 90°C) (a and c) without and (b and d) with 0.1% bwos 13 C-labeled sucrose. The principal indexable reflections corresponding to Ca(OH) 2 and calcium silicate hydrates are indicated in a. The reflections in b are indexable to the triclinic polymorph of tricalcium silicate. Calcium silicate hydrates (CSH), formed as the primary products of hydration in the absence of organic species, are observed on the surfaces of the particle in the SEM micrograph in c. In contrast, in the presence of 0.1% 13 C-labeled sucrose, no CSH are observed in the SEM micrograph in d. stable exogeneous paramagnetic centers. 67−70 By comparison, surfaceenhanced DNP NMR experiments are most conveniently performed by incipient wetness impregnation of the solid powder samples with minimal volumes of a solution containing dissolved stable paramagnetic centers, usually a nitroxide biradical, to obtain a pastelike consistency. 32, 34, 45, 66, 67 This incipient wetness impregnation procedure brings the radical solution in contact with particle surfaces without significantly diluting the solid sample. Importantly, the CP step in the DNP NMR experiments ensures that only those moieties that are at the surface, and thus in close (<1 nm) molecular-level proximity to the 1 H spin reservoir, are hyperpolarized. Solid-state DNP SENS measurements were conducted on freeze-dried powder samples of hydrated cementitious materials impregnated with a nitroxide biradical (either bCTbK or TEKPol) dissolved in a suitable organic solvent. 47, 66, 67, 71 Samples were prepared by combining approximately 30 mg of hydrated tricalcium silicate with 15−20 μL of a solution consisting of 2 or 4 mM bCTbK or TEKPol in 1,2-dichlorobenzene or 1,1,2,2-tetrachloroethane under conditions of incipient wetness at ambient temperature and pressure. 72 Each sample was mixed with a glass stirring rod to ensure macroscopically uniform distribution of the biradical solution over the solid powder sample. The resulting pastelike samples were packed into 3.2 mm sapphire MAS rotors and sealed with a polytetrafluoroethylene insert to prevent loss of solvent during the measurements. The rotor was capped with a zirconia drive cap and quickly inserted into the precooled DNP NMR probehead for measurements. Solid-state DNP SENS experiments were conducted on a Bruker 9.4 T AVANCE-III NMR spectrometer operating at frequencies of 399.95 MHz for 1 H, 100.57 MHz for 13 C, 79.46 MHz for 29 Si, and 161.90 MHz for 31 P, and under conditions of 8, 10, or 12.5 kHz MAS at 105 K. The spectrometer was equipped with a Bruker 3.2 mm H-X-Y triple resonance variable temperature MAS probe head, a cooling cabinet, and a 263 GHz gyroton microwave source and waveguide system. 73 1D surface-enhanced 13 C{ 1 H} DNP NMR spectra were acquired using a 2 ms contact time, SPINAL-64 proton decoupling, 74 and a 2 s recycle delay. 2D 13 C{ 1 H} DNP HETCOR spectra were acquired under continuous microwave irradiation, using a 0.5 or 1.5 ms contact time, with 64 t 1 increments, an incremental step size of 32 or 64 μs, a recycle delay of 2 s, and 96 or 56 scans each. 2D 29 Si{ 1 H} DNP HETCOR spectra were acquired using a 3 ms contact time, with 64 t 1 increments, an incremental step size of 64 μs, a recycle delay of 3 s, and 32 or 128 scans each. 2D 31 P{ 1 H} DNP HETCOR spectra were acquired under continuous microwave irradiation, using a 1.5 ms contact time, with 48 t 1 increments, an incremental step size of 64 μs, a recycle delay of 3 s, and 4 scans each. All 2D DNP HETCOR spectra were acquired using eDUMBO-1 22 homonuclear decoupling during the 1 H t 1 evolution period to enhance resolution in the 1 H dimension. 75 Solid-state 1D 29 Si{ 13 C} DNP REDOR 76 experiments were acquired using a 180°p ulse length of 7.2 μs on 13 C to reintroduce the heteronuclear 29 Si− 13 C dipolar couplings and a 3 s recycle delay. The uncertainties associated with the DNP REDOR data were estimated by the propagation-of-error method by using the signal-to-noise ratios of the spectra acquired without and with 13 C recoupling pulses.
■ RESULTS AND DISCUSSION
The hydration of tricalcium silicate is initiated at particle surfaces by the reaction of adsorbed water with surface silicate species in tricalcium silicate−water mixtures. Such reactions result in the transformation of anhydrous Q 0 silicate species to silanol Q 0 (nonhydrated) species that later partially cross-link to yield poorly ordered calcium silicate hydrates consisting of (hydrated) Q 1 and Q 2 silicate species. 77 (Q n refers to silicon atoms that are covalently bonded via bridging oxygen atoms to 0 ≤ n ≤ 4 other silicon atoms.) 78 The formation of such partially cross-linked silicate hydration products is responsible for cement setting and solidification in commercial cement− water mixtures, where tricalcium silicate is typically the major solid component (50−70 wt %). The hydration processes are strongly suppressed in the presence of dilute quantities of adsorbed sucrose or NTMP molecules, though the compositions and molecular architectures of these compounds are very different. 1D and 2D solid-state NMR methods, including surface-enhanced DNP NMR techniques, allow dilute surface species to be detected, relative quantities of distinct silicate species to be estimated, and intermolecular interactions between different silicate species, organic molecules, and water to be established.
Saccharide-Mediated Hydration of Tricalcium Silicate.
Quantification of Silicate Species in Hydrated Tricalcium
Silicate. Low absolute concentrations of organic compounds, such as saccharides or phosphonic acids, can strongly inhibit silicate hydration, which is attributed to their favorable adsorption properties compared to water at silicate particle surfaces. To understand the effects of dilute organic species on surface hydration processes, it is important to establish the molecular compositions and mutual interactions of water, silicate species, and organic molecules at the particle surfaces and to distinguish between sorption at nonhydrated and hydrated surfaces. Sucrose is a nonreducing disaccharide with furanose and pyranose rings that are covalently bonded through an α−β glycosidic linkage (Chart 1), which imparts distinct structural relationships among the different hydroxyl and proton moieties within a given molecule that have important implications for how sucrose adsorbs at oxide surfaces. Specifically, the adsorption of sucrose molecules at tricalcium silicate particle or hydration product surfaces inhibits the hydration of anhydrous silicate species to form calcium silicate hydrates. 13 The different types of silicate species can be identified and quantified by using solid-state 29 Si NMR measurements and thereby establish the molecular silicate structures and compositions after hydration without and with the presence of dilute quantities (0.1% bwos) of sucrose. For example, the 1D single-pulse 29 Si MAS spectrum of hydrated tricalcium silicate (4 h, 90°C) in Figure 3a shows resolved 29 Si signals from distinct anhydrous and hydrated silicate species. Specifically, the spectrum exhibits eight narrow (<0.1 ppm fullwidth-half-maximum, fwhm) 29 Si signals in the range of −68 to −75 ppm from anhydrous Q 0 silicate species that primarily comprise the bulk of the low-surface-area (ca. 1 m 2 /g) silicate particles. 78 The eight 29 Si signals correspond to nine distinct crystallographic sites in triclinic tricalcium silicate, previously established by diffraction measurements, 60,79 where two 29 Si sites have similar 29 Si atomic environments and chemical shifts (at −73.3 ppm and twice the signal intensity of the other signals) that are not resolved. Upon hydration, the anhydrous Q 0 silicate species are partially cross-linked to form calcium silicate hydrates, which result in the 29 Si signals at −79 ppm (Q 1 ) and −85 ppm (Q 2 ) in the 29 Si MAS spectrum. Compared to the 29 Si signals from anhydrous Q 0 species, the 29 Si signals from the Q 1 and Q 2 species are relatively broad (∼4 ppm, fwhm) indicating distributions of local atomic environments for such hydrated silicate species, which are consistent with the poorly ordered character of calcium silicate hydrates. The inset in Figure 3a shows a schematic diagram of the different silicate species that are present in the calcium silicate hydrates, consistent with previous 29 Si NMR results, 11,13 diffraction measurements, 80, 81 and theoretical calculations. 77, 82 The extent of silicate hydration is estimated by comparing the relative integrated intensities of the 29 Si signals associated with Q 0 (42%), Q 1 (38%), and Q 2 (20%) silicate species in the 29 Si MAS spectrum. Approximately 58% of the silicate species have therefore converted to calcium silicate hydrates under these hydration conditions in the absence of sucrose. Comparison of the relative intensities of the eight distinct 29 Si signals from anhydrous Q 0 29 Si species furthermore establish that there is no preferential reaction of any of the anhydrous silicate sites with water during the hydration process.
By comparison, in the presence of dilute quantities (0.1% bwos) of sucrose, no measurable amounts of calcium silicate hydrates are observed by conventional NMR (or other) techniques, which indicates that a small amount of sucrose strongly inhibits silicate hydration processes. Similar analysis of the 1D single-pulse 29 Si MAS spectrum of tricalcium silicate hydrated under otherwise identical conditions, except for the presence of 0.1% bwos sucrose (Figure 3b ), reveals no detectable 29 Si signals from the Q 1 and Q 2 species associated with the silicate hydration products. This establishes that there is no significant conversion of anhydrous Q 0 silicate species to calcium silicate hydrates in the presence of 0.1% bwos sucrose within the sensitivity limits of the conventional solid-state NMR experiment. The atomic-level NMR results are manifested macroscopically at micrometer length scales by morphological differences between tricalcium silicate hydrated without and with 0.1% bwos sucrose, as seen in the scanning electron micrographs (SEM) shown in Figure 1c ,d, respectively. In the absence of sucrose, tricalcium silicate reacts with water to yield calcium silicate hydrates that are observed in the electron micrograph ( Figure 1c ) as needlelike structures on the particle surfaces. By comparison, the electron micrograph ( Figure 1d ) of tricalcium silicate hydrated in the presence of 0.1% bwos sucrose reveals almost exclusively bulk anhydrous silicate particles with little or no detectable products of hydration. The molecular-level NMR and micrometer-scale SEM results clearly establish that tricalcium silicate hydration is strongly inhibited by the presence of dilute sucrose concentrations (0.1% bwos), which approximately correspond to monolayer coverages (analysis in Supporting Information) of the lowsurface-area (∼1 m 2 /g) silicate particles by sucrose molecules.
Previous studies of silicate hydration in the presence of high and industrially unrealistic loadings of sucrose (ca. 1% bwos on similar ∼1 m 2 /g particles) 13, 26, 28, 83 correspond to multilayered adsorption that may obscure the crucial role of the molecules adsorbed directly at the silicate particle or hydration product surfaces. Furthermore, the excess multilayers represent an additional possible diffusion barrier to water that is absent under industrially relevant compositions. In contrast, the SEM and quantitative 29 Si NMR results in Figures 1 and 3 , respectively, provide morphological and molecular-level evidence that significantly lower loadings of sucrose effectively inhibit surface hydration. However, these measurements have insufficient sensitivity and resolution to determine the molecular origins of such surface chemistry effects, which could include competitive adsorption of organic molecules in place of water at either nonhydrated species to inhibit nucleation of calcium silicate hydrates or on early-stage hydration products to inhibit subsequent growth.
Identification of Dilute Saccharide Surface Species. Measuring the crucial molecular interactions of surfaceadsorbed sucrose monolayers has previously been infeasible because of the low signal sensitivity of conventional solid-state NMR methods. By comparison, solid-state surface-enhanced DNP NMR techniques 32,34,45 provide significantly enhanced signal sensitivity that enables the detection of dilute species, including surface-adsorbed sucrose molecules. To conduct such measurements, powdered samples were combined with minimal volumes of a 1,2-dichlorobenzene solution containing dissolved stable nitroxide biradicals under incipient wetness conditions and quickly (<10 min) introduced into the precooled DNP NMR probehead. 32,34,45,66,67 1,2-Dichlorobenzene was selected for its hydrophobic properties that are expected to perturb minimally the interactions between sucrose, water, and surface silicate species, all of which are hydrophilic. (Additionally, the 13 C signals of 1,2-dichlorobenzene and sucrose do not overlap.) The DNP NMR experiments use continuous microwave irradiation at ca. 100 K to transfer high electron spin polarization (from stable biradicals, such as bCTbK or TEKPol) via hyperfine interactions to 1 H nuclei of the frozen 1,2-dichlorobenzene DNP solvent molecules and adsorbed sucrose, as shown in the schematic diagram in Figure  4 . The DNP-enhanced 1 H spin polarization is subsequently distributed by 1 H− 1 H spin diffusion to other 1 H nuclei of molecularly proximate (<1 nm) solvent molecules and to the 29 Si MAS NMR spectra of hydrated tricalcium silicate (4 h, 90°C) (a) without and (b) with 0.1% bwos 13 C-labeled sucrose acquired at 11.7 T, 25°C, and 10 kHz MAS. Inset in a shows a schematic representation of the different crosslinked four-coordinate Q 1 and Q 2 29 Si moieties in calcium silicate hydrates, which are the primary products of silicate hydration. silicate particle surfaces, though importantly, not to their dense nonhydrated interiors. Subsequently, cross-polarization (CP) 65 is used to transfer the DNP-enhanced polarization of 1 H nuclei to dilute spins (i.e., 29 Si and 13 C), including those present in surface silicate species and adsorbed sucrose molecules. Figure  5a shows the 1D 13 C{ 1 H} DNP CPMAS spectrum (red) acquired with microwave irradiation of tricalcium silicate hydrated (4 h, 90°C) with 0.1% bwos 13 C-labeled sucrose that exhibits intense and well-resolved 13 C signals in the range of 50−100 ppm from the chemically distinct 13 C sites in surface-adsorbed sucrose molecules. 28 The enhanced 13 C signal intensity demonstrates marked improvement in signal sensitivity compared to that of conventional solid-state NMR methods, as exemplified by the 1D 13 C{ 1 H} CPMAS spectrum (Figure 5a , black) acquired on the same sample and under otherwise identical conditions but without microwave irradiation. The DNP NMR signal enhancement (ε) is quantified as the ratio of the 13 C signal intensities obtained with and without microwave irradiation for the different resolved 13 C signals, which for sucrose was measured to be ε C−sucrose = 12. A similar DNP enhancement (ε C−solvent = 18; Supporting Information, Figure S2 ) was observed for the 13 C signal at 130 ppm associated with the 1,2-dichlorobenzene DNP solvent. Interestingly, such improved signal sensitivity also enables the detection of a 13 C signal at 170 ppm (Figure 5a , red), which is attributed to small quantities of calcium carbonate species (CaCO 3 ) 84 resulting from dissolution of atmospheric carbon dioxide and reaction with water near tricalcium silicate particle surfaces. 10 The concentration of biradical species significantly influences the DNP NMR signal enhancements that are obtained as shown in Figure 5b , where the 13 C and 29 Si DNP NMR signal enhancements are plotted as functions of bCTbK (nitroxide biradical) concentration. The characteristic trend observed in the graph is similar to that observed previously for homogeneous solutions containing biradical polarizing agents 85, 86 and high-surface-area solids wetted with radical solutions: 32, 47 Signal enhancements increase initially with biradical concentration and exhibit a maximum, before decreasing as a result of increased paramagnetic broadening or shorter spin−lattice relaxation times. However, for the latter, maximum DNP NMR signal enhancements are typically achieved at relatively high biradical concentrations (16−20 mM). In contrast, the maximum DNP NMR signal enhancement is obtained here at a substantially lower biradical concentration of 4 mM because of the significantly lower mean surface area of the silicate particles. Surface-enhanced 13 C{ 1 H} DNP CPMAS measurements conducted using the optimum biradical concentration (4 mM) enable dilute (0.1% bwos) surface-adsorbed sucrose molecules to be detected in unprecedentedly short times (9 min for the 13 C{ 1 H} DNP Figure 4 . Schematic diagram depicting the adsorption of sucrose molecules at silicate particle surfaces and the various polarization transfer pathways involved in the dynamic nuclear polarization (DNP) NMR experiments, including DNP (blue) from electrons to 1 H nuclei through hyperfine interactions, 1 H− 1 H spin diffusion (orange), and cross-polarization (CP, green) from 1 H to dilute nuclei (e.g., 13 C and 29 Si) through dipolar interactions. The nitroxide biradical polarizing agent shown is bCTbK. Figure 5 . (a) Solid-state surface-enhanced 1D 13 C{ 1 H} DNP CPMAS spectra of hydrated tricalcium silicate (4 h, 90°C) with 0.1% bwos 13 C-labeled sucrose. The spectra were acquired in the presence of 4 mM bCTbK in frozen 1,2-dichlorobenzene, at 9.4 T, 105 K, 12.5 kHz MAS, and (black) without or (red) with microwave irradiation at 263 GHz, the latter of which was recorded in 9 min (256 scans). The 13 C DNP NMR signal enhancement for 13 C signals from adsorbed sucrose species (ε C−sucrose ) was determined to be approximately 12. The asterisk indicates a MAS sideband from the frozen solvent. 87 The schematic inset in a depicts the monolayer coverage of silicate particles by adsorbed sucrose molecules, along with a structural representation of sucrose with the carbon atoms labeled. (b) Experimentally measured 13 C and 29 Si DNP NMR signal enhancements for surface species are shown in red and black, respectively, as functions of the bulk solution concentration of bCTbK (biradical) in the frozen 1,2dichlorobenzene DNP solvent. DNP NMR signal enhancements are estimated as the ratio of the signal intensities with and without microwave irradiation for specific NMR signals.
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Article CPMAS spectrum in Figure 5a , red) and without significant loss of spectral resolution.
The presence of biradical and solvent species, as required for the DNP NMR measurements, do not detrimentally affect the surface compositions at particle surfaces. This can be elucidated by comparing the surface-enhanced 13 C{ 1 H} DNP CPMAS spectrum of tricalcium silicate hydrated in the presence of 0.1% bwos 13 C-sucrose (Figure 5a , red) with a conventional 13 C{ 1 H} CPMAS spectrum of tricalcium silicate hydrated in the presence of 1% bwos 13 C-sucrose (Supporting Information, Figure S3 ). Both spectra exhibit 13 C signals between 50 and 100 ppm with similar 13 C isotropic chemical shifts and line shapes, establishing that the introduction of exogeneous paramagnetic species (bCTbK) and organic solvent (1,2dichlorobenzene) appears not to alter or modify significantly the compositions and structures of the organic surface species. 87 These results, in combination with separate solutionand solid-state 13 C NMR measurements (Supporting Information, Figure S4 ), point to negligible dissolution or reaction of the sucrose moieties of interest with bCTbK biradical or 1,2dichlorobenzene solvent species. 88 Importantly, signals from 13 C species in adsorbed monolayers of sucrose molecules (corresponding to 0.1% bwos) can be rapidly detected and measured by surface-enhanced DNP NMR measurements. Comparison of the measurement times associated with the 1D 13 C{ 1 H} CPMAS spectra of tricalcium silicate hydrated with 1% bwos (acquired without DNP in 68 min, 2048 scans) and 0.1% bwos (acquired with DNP in 9 min, 256 scans) 13 C-sucrose demonstrate the enormous improvement in NMR signal sensitivity and similarly dramatic reduction in measurement time. Such enhanced signal sensitivity represents a breakthrough in the capability to detect and identify dilute molecular species on low-surface-area silicate particles, which were previously infeasible by using conventional NMR or other methods.
Adsorption Interactions of Sucrose at Heterogeneous Silicate Particle Surfaces. Detailed insights on silicate surface chemistry, such as the types, structures, and relative distributions of silicate species, can be combined with structural details of the adsorbed sucrose molecules to probe their adsorption behaviors at specific sites on the particle surfaces. The quantitative 1D single-pulse 29 Si MAS spectrum of tricalcium silicate hydrated with 0.1% bwos sucrose ( Figure  6a ) exhibits no detectable 29 Si signal intensity at −79 and −85 ppm associated with hydrated Q 1 and Q 2 species in calcium silicate hydrates, as previously discussed. A conventional 1D 29 Si{ 1 H} CPMAS spectrum of the same material ( Figure 6b ) exhibits at least two inhomogeneously broadened 29 Si signals centered at −73 and −79 ppm that correspond to silanol Q 0 and hydrated Q 1 silicate species, respectively, which are present in close (<1 nm) molecular proximity to 1 H species at the particle surfaces. Silanol Q 0 species are monomeric silicate moieties that are present at tricalcium silicate surface sites and can be associated with different numbers of hydroxyl groups (e.g., Si(OH) 3 O − or Si(OH) 4 ). Recent theoretical and experimental studies have suggested that such silanol Q 0 surface species transform to yield partially cross-linked Q 1 and Q 2 species associated with calcium silicate hydrates. 89−92 Detection of 1D 29 Si signals from such surface species required extensive signal averaging (24 h), consistent with their very dilute concentrations. The results establish that even in the presence of low concentrations of adsorbed sucrose molecules small quantities of silanol Q 0 species as well as calcium silicate hydrates are present at the particle surfaces. Although the 1D NMR measurements yield the types and relative quantities of organic and silicate molecular species present in the silicate− water−adsorbate mixtures, they provide little information on specific molecular interactions or on the distributions of the different chemical species.
The molecular-level surface interactions that account for the adsorption properties of organic molecules at silicate surfaces are expected to aid understanding of their influences on the hydration processes. Such insights can be established by using solid-state 2D surface-enhanced DNP NMR measurements, which can be recorded within feasible measurement times (e.g., hours) and with high resolution. Specifically, 2D 29 Si{ 1 H} and 13 C{ 1 H} DNP HETCOR experiments can be used to measure and identify the key molecular interactions between adsorbed saccharide species, water, and silicate species by correlating their respective isotropic chemical shifts, even for dilute monolayer coverages on low-surface-area particles. For Figure 3b ). The spectra in a and b were acquired at 11.7 T, 25°C, and 10 kHz MAS. The 2D spectrum in c was acquired with 4 mM TEKPol (biradical) in frozen 1,2-dichlorobenzene (the DNP solvent), with continuous microwave irradiation at 263 GHz, at 9.4 T, 105 K, and 12.5 kHz MAS. The spectra were recorded in total experimental times of (a) 14 h, (b) 24 h, and (c) 1.4 h. The inset in c shows a schematic diagram of silanol Q 0 and cross-linked Q 1 and Q 2 29 Si species in tricalcium silicate hydration products present at particle surfaces, along with their molecular and dipolar interactions with −SiOH species (red arrows) and adsorbed water (green arrow). A 1D single-pulse 1 H MAS spectrum acquired at 11.7 T, 25°C, and 10 kHz MAS is shown along the vertical axis in c for comparison with the 1D projection of the 2D spectrum. The numbers above or alongside the NMR signals indicate their corresponding isotropic chemical shifts. example, 2D 29 Si{ 1 H} DNP HETCOR methods selectively detect those 29 Si nuclei that are dipole−dipole-coupled to 1 H nuclei from moieties that are in molecular-level (<1 nm) proximity. The resulting 2D intensity correlations establish sitespecific interactions between 29 Si and 1 H nuclei, including those associated with silanol moieties (−SiOH) and adsorbed water, which are present at the hydrating particle surfaces. Figure 6c shows the solid-state 2D 29 Si{ 1 H} DNP HETCOR spectrum of tricalcium silicate hydrated (4 h, 90°C) in the presence of 0.1% bwos 13 C-labeled sucrose that provides improved signal sensitivity and 1 H resolution (compared to the single-pulse 1 H MAS spectrum in Figure 6c , left). Strong correlated intensity is resolved between 29 Si signals at −73, −79, and −85 ppm from silanol Q 0 , hydrated Q 1 and Q 2 species, respectively, and the 1 H signal at 1.3 ppm from hydroxyl moieties (−SiOH) bonded to silanol Q 0 or hydrated silicate species (as depicted in the accompanying schematic diagram). The spectrum also exhibits correlated intensity between the same 29 Si signals at −73, −79, and −85 ppm and distinct signals at 4.5, 4.9, and 6.0 ppm, respectively, in the 1 H dimension, which are attributed to water in distinct molecular environments. This is consistent with recent theoretical studies that have proposed the presence of local structural differences in water present in the disordered calcium silicate hydrates, for which no molecular-level experimental evidence has previously been established. 82, 93 Additional 2D intensity correlations are observed between the 29 Si signal at −73 ppm and 1 H signals at 8.5 and 12 ppm that arise from hydrogen-bonded −OH species present near silanol Q 0 surface sites. Similar correlated intensity is partially resolved between the 29 Si signal at −79 ppm from hydrated Q 1 species and the 1 H signal at 8.5 ppm from hydrogen-bonded −OH moieties. The 1 H signal assignments for the distinct −SiOH moieties and water are based on previous NMR studies of silicas, silicates, aluminosilicates, and calcium silicate hydrates. 11,13,28,78,94−97 Notably, the 2D spectrum shows no detectable correlated intensity between the 29 Si signal at −85 ppm (Q 2 species) and 1 H signals from hydrogen-bonded −OH moieties (between 8 and 12 ppm), consistent with their fewer nonbridging oxygen atoms (two for Q 2 compared to three for Q 1 species) and fewer hydrogen bonds. This is corroborated by recent molecular simulations that indicate the presence of different extents of hydrogen bonding among oxygen atoms on distinct four-coordinate silicate species (e.g., Q 1 and Q 2 ) and water molecules present in confined nanopores in calcium silicate hydrates. 93 These studies propose that the water molecules form hydrogen bonds with other water molecules and both bridging and nonbridging oxygen atoms in the calcium silicate hydrates. Furthermore, the simulations suggest that the strongest hydrogen bonds are formed with the nonbridging oxygen atoms, for which the NMR results presented here provide direct experimental evidence.
The surface hydration products formed in the presence of sucrose exhibit similar molecular-level structures as present in fully hydrated bulk products (e.g., in the absence of sucrose), despite their markedly different extents of silicate hydration. This is elucidated by comparing the 2D 29 Si{ 1 H} HETCOR spectra of tricalcium silicate hydrated (4 h, 90°C) without sucrose (acquired without DNP, Supporting Information, Figure S5 ) and with 0.1% bwos sucrose (acquired with DNP, Figure 6c ). Importantly, such comparisons also establish that the treatment of the solid samples as required for the solid-state DNP NMR measurements does not chemically alter the molecular structures, speciation, or interactions in partially hydrated tricalcium silicate.
Sucrose molecules competitively adsorb at surface silanol Q 0 and hydrated silicate sites to inhibit hydration reactions. Specific interactions between surface silicate species and adsorbed sucrose molecules can be probed by complementary solid-state 2D 13 C{ 1 H} DNP HETCOR measurements of tricalcium silicate hydrated in the presence of 0.1% bwos 13 Clabeled sucrose. Such measurements can be used to detect and correlate isotropic chemical shifts of signals associated with dipole−dipole-coupled 13 C and 1 H nuclear spins in chemical moieties. For example, the 2D 13 C{ 1 H} DNP HETCOR spectrum in Figure 7a of hydrated tricalcium silicate (4 h, 90°C
) in the presence of 0.1% bwos 13 C-labeled sucrose, acquired with a short CP contact time (0.5 ms), enables the detection and identification of 1 H species, according to the different organic 13 C-sucrose moieties with which they interact at silicate particle surfaces. (Supporting Information Figure S6 shows the 2D 13 C{ 1 H} DNP HETCOR spectrum presented over a wide 13 C chemical shift range to also show the 13 C signals from the DNP solvent species.) Strong correlated intensity is observed in the 2D 13 C{ 1 H} DNP HETCOR spectrum corresponding to intramolecular dipolar interactions between all of the 13 Csucrose signals and the 1 H signal at 4.3 ppm from −CH and −COH moieties in the sucrose molecules. 28 Additional intensity correlations are observed between 13 C signals at 59 ppm (carbon atoms 12 and 6), 64 ppm (carbon atoms 4 and 11), 73 ppm (carbon atoms 9, 3, 5, and 2), and 81 ppm (carbon atoms 10 and 8) and the 1 H signal at 9.4 ppm that corresponds to hydrogen-bonded −OH species in close proximity to saccharide molecules near or at the silicate surfaces. Here, use of the short CP contact time (0.5 ms) allows identification of only the most strongly dipole−dipole-coupled 13 C and 1 H species that are associated with intramolecular interactions, thereby allowing their signals to be assigned confidently.
More importantly, 2D intensity correlations corresponding to intermolecular interactions are resolved in the 2D 13 C{ 1 H} DNP HETCOR spectrum (Figure 7b ) of the same sample acquired with a longer CP contact time (1.5 ms). These are characterized by weaker dipole−dipole interactions (more distant moieties). As for the spectrum acquired with a short CP contact time, strong correlated intensity is also observed in the spectrum acquired with the longer CP contact time between all the 13 C signals from sucrose and the 1 H signal at 4.3 ppm from −CH and −COH moieties. Interestingly, the 2D 13 C{ 1 H} DNP HETCOR spectrum (Figure 7b ) reveals strong intermolecular intensity correlations between sucrose 13 C signals at 59 ppm (12 and 6), 64 ppm (4 and 11), and 73 ppm (9, 3, 5, and 2) and the 1 H signal at 6.3 ppm that corresponds to water in close proximity to the sucrose molecules. In conjunction with the 2D 29 Si{ 1 H} DNP HETCOR NMR results in Figure 6c , such coadsorbed water molecules in the presence of sucrose appear not to promote the formation of Q 1 and Q 2 silicate hydration products. This suggests that although competitive adsorption of sucrose does not completely displace water molecules from the particle surfaces, hydration reactions are effectively inhibited, if not entirely halted. Correlated intensity is also resolved in the spectrum between sucrose 13 C signals at 59 ppm (12 and 6), 64 ppm (4 and 11), 73 ppm (9, 3, 5, and 2), and 81 ppm (10 and 8) and the 1 H signal centered at 1.3 ppm from hydroxyl moieties (−SiOH) associated with silanol Q 0 and hydrated Q 1 and Q 2 species, as assigned in the 2D 29 Si{ 1 H} DNP HETCOR
Article spectrum of Figure 6c . These intensity correlations (highlighted by a red, dotted-line rectangle in Figure 7b ) unambiguously establish that 13 C sucrose moieties interact with isolated −SiOH moieties associated with silanol Q 0 and hydrated silicate surface species that are in close (<1 nm) molecular proximities, as depicted in the accompanying schematic diagram. Previous studies 98 of sucrose in alkaline solutions have indicated that partially deprotonated carbinol groups interact electrostatically with Ca 2+ cations. Under the highly alkaline conditions used here, similar electrostatic interactions are expected to occur between partially deprotonated carbinol moieties in the sucrose molecules and surface Ca 2+ cations. Therefore, Ca 2+ cations near isolated −SiOH species are expected to mediate the adsorption of sucrose at Ca 3 SiO 5 particle surfaces.
In addition, hydrogen-bonding interactions between −SiOH surface species and carbinol sucrose moieties contribute importantly to the competitive adsorption of sucrose in place of water at tricalcium silicate particle surfaces. Partially resolved 2D intensity is notably observed in the 2D 13 C{ 1 H} DNP HETCOR spectrum (Figure 7b ) between sucrose 13 C carbinol signals centered at 59 ppm (12 and 6), 64 ppm (4 and 11), 73 ppm (9, 3, 5, and 2), and 81 ppm (10 and 8) and the 1 H signals at 9.4 and 11 ppm from hydrogen-bonded −OH species, consistent with the 2D spectrum acquired using short CP contact time (Figure 7a ). Intermolecular interactions are also associated with the intensity correlations between signals at 14 and 17.5 ppm in the 1 H dimension from hydrogen-bonded −OH species and signals at 64 ppm (4 and 11) and 73 ppm (9, 3, 5, and 2) in the 13 C dimension that correspond to carbinol groups of adsorbed sucrose molecules. These intensity correlations indicate that sucrose adsorption is mediated by hydrogen-bonding between sucrose carbinol moieties and −SiOH groups at particle surfaces. Yesinowski et al. have noted that the isotropic 1 H chemical shifts of hydrogen-bonded species associated with similar mineral silicates are approximately inversely proportional to the lengths of their hydrogen bonds. 99 In the 2D 13 C{ 1 H} DNP HETCOR spectrum ( Figure  7b ), strongly hydrogen-bonded species associated with short hydrogen bond lengths correspond to 1 H signals at >9 ppm, compared to weakly hydrogen-bonded or isolated −SiOH species that are manifested by 1 H signals at ca. 1.3 ppm. The broad intensity correlations between 13 C signals at 59, 64, 73, and 81 ppm and 1 H signals at >9 ppm indicate a distribution of strongly hydrogen-bonded surface species, which is consistent with a distribution of local molecular environments for sucrose adsorbed on the heterogeneous surfaces of partially hydrated tricalcium silicate.
It is also interesting to note evidence for sucrose interactions with nanoscale solid byproducts of silicate hydration. Weak intensity correlations are observed between the 13 C signals at ca. 60 ppm (4, 11, 12, and 6) and 73 ppm (9, 3, 5, and 2) from sucrose and the 1 H signal at −2.5 ppm attributed to −CaOH moieties that are associated with calcium hydroxide (portlandite, Ca(OH) 2 ), a common byproduct of tricalcium silicate hydration). Similar −CaOH moieties have previously been observed in hydrated tricalcium silicate−water mixtures and calcium hydroxide using solid-state 1 H NMR measurements. 52, 100 However, no indexable reflections from Ca(OH) 2 are detected in the X-ray diffraction pattern (Figure 1b ) of the material. This indicates that these Ca(OH) 2 species likely exhibit crystal-like structural order over nanoscale dimensions that are below the detection limits of X-ray diffraction measurements. Overall, the 2D intensity correlations indicate that sucrose adsorbs at calcium hydroxide sites, presumably inhibiting growth of Ca(OH) 2 . These analyses unambiguously establish that sucrose molecules adsorb structurally intact at nonhydrated silanol Q 0 and hydrated Q 1 and Q 2 silicate sites as well as on Ca(OH) 2 moieties and inhibit the reaction of surface silanol Q 0 species with water to effectively hinder hydration of silicate particle surfaces.
Proximities of Adsorbed Sucrose Molecules to Near-Surface Silicate Species. The partitioning of adsorbed sucrose molecules among nonhydrated and hydrated silicate species suggests that both the nucleation and growth of calcium silicate hydration products are inhibited. The different respective contributions from adsorption at different silicate sites can be assessed by probing the intermolecular interactions and relative proximities of adsorbed sucrose molecules to different silicate surface moieties by exploiting through-space dipole−dipolecouplings between their distinct NMR-active nuclei. Specifically, interactions between proximate 29 Si and 13 C nuclear spins in silicate and sucrose surface moieties, respectively, in tricalcium silicate hydrated with 0.1% bwos sucrose can be directly identified and quantified by using rotational-echo double-resonance (REDOR) NMR techniques 76 (in contrast to the DNP HETCOR measurements that correlate 29 Si to 13 C chemical shifts indirectly through 1 H chemical shifts). Such REDOR NMR methods are sensitive to the strengths of heteronuclear ( 29 Si− 13 C) dipole−dipole couplings and rely on a series of radio frequency recoupling pulses to reintroduce heteronuclear dipolar spin couplings between nuclei of interest (e.g., 29 Si− 13 C) that are otherwise averaged out under MAS conditions. The restoration of such dipolar spin couplings causes selective attenuation of NMR signals from dipole− dipole-coupled nuclei, the extent of which is determined by the strengths of the associated heteronuclear dipolar couplings. The REDOR technique, in combination with the dramatic signal sensitivity enhancement afforded by the surface-enhanced DNP NMR methods, enable the molecular proximities and interactions between dilute silicate moieties and adsorbed sucrose molecules at low-surface-area particle surfaces to be quantified. Solid-state 1D 29 Si{ 13 C} DNP REDOR measurements were recorded in two steps: one where the 29 Si and 13 C spins were not recoupled under conditions of MAS to yield a reference spectrum with 29 Si signal intensity (S 0 ) and a second where the 29 Si− 13 C dipolar couplings were restored under MAS (by the application of dipolar recoupling π pulses on the 13 C channel) that yield a separate spectrum with attenuated 29 Si signal intensity (S). A subsequent 29 Si{ 13 C} REDOR difference spectrum exhibits signal intensity (ΔS) that is obtained by subtracting the signal intensities of the REDOR spectrum from the reference spectrum: ΔS = S 0 − S ≥ 0. The measured 29 Si signal intensity in the difference spectrum corresponds to nearsurface 29 Si nuclei that are dipole−dipole-coupled to 13 C nuclei in the adsorbed sucrose molecules. For example, Figure 8a shows the 29 Si{ 13 C} DNP REDOR reference spectrum of tricalcium silicate hydrated (4 h, 90°C) with 0.1% bwos 13 Csucrose where the 29 Si− 13 C spin pairs have been effectively decoupled under conditions of 10 kHz MAS. The spectrum with intensities S 0 exhibits overlapping 29 Si signals at −73, −79, and −85 ppm from silanol Q 0 , hydrated Q 1 and Q 2 silicate species, respectively, present on the surfaces of hydrating tricalcium silicate particles as previously discussed. Similar 29 Si signals are observed in the 29 Si{ 13 C} DNP REDOR spectrum shown in Figure 8b , though with attenuated signal intensities (S) attributable to the reintroduction of 29 Si− 13 C dipolar couplings. The extents of attenuated (dipolar-dephased) signal intensities between the two spectra (Figure 8a,b) are elucidated by the difference spectrum (ΔS) shown in Figure 8c , which yields distinct 29 Si signal intensity centered at −79 ppm over the range of −67 to −90 ppm. This 29 Si signal intensity in the difference spectrum corresponds exclusively to near-surface 29 Si nuclei that are dipolar-coupled to 13 C nuclei in the surfaceadsorbed sucrose molecules.
The monolayer coverages of low-surface-area silicate particles by sucrose molecules result in distinct molecular-level sitespecific interactions that indicate the different adsorption 29 Si{ 13 C} DNP REDOR spectra of hydrated tricalcium silicate (4 h, 90°C) with 0.1% bwos 13 C-labeled sucrose acquired (a) without or (b) with the application of recoupling pulses to reintroduce 29 Si− 13 C heteronuclear dipole− dipole couplings. The spectra in a and b were acquired with 4 mM TEKPol (biradical) in frozen 1,2-dichlorobenzene (the DNP solvent), with continuous microwave irradiation at 263 GHz, at 9.4 T, 105 K, and 10 kHz MAS. The difference spectrum in c indicates the extent of attenuation of the 29 Si signal intensity from reintroduction of 29 Si− 13 C dipolar interactions. (d) Extents of 29 Si signal attenuation plotted versus the number of MAS rotor cycles, as measured (black dots) in a series of 1D 29 Si{ 13 C} DNP REDOR S/S 0 (dipolar dephasing) experiments. The solid lines correspond to intensity decay curves determined theoretically for different mean interatomic 29 Si− 13 C distances of 8, 10, and 12 Å. The inset in a shows a schematic diagram of silanol Q 0 , Q 1 and Q 2 29 Si surface nuclei in partially hydrated tricalcium silicate, along with the dipolar interactions (red arrows) with surface-adsorbed 13 C-sucrose nuclei (red circles) that cause dephasing of the DNP REDOR signal as manifested in c and d.
selectivities of the sucrose molecules. Compared to the spectra in Figure 8a ,b, the significantly reduced 29 Si signal intensity observed in the REDOR difference spectrum (signal-to-noise ratio = 4) in Figure 8c is consistent with the dilute quantities of interacting 29 Si− 13 C nuclear spin pairs associated with surface species on low-surface-area silicate particles. Despite this low signal intensity, important differences can be identified by comparing the extent of 29 Si signal dephasing from chemically distinct 29 Si surface species observed in the REDOR difference spectrum (Figure 8c ). For example, compared to the relative maximum in 29 Si signal intensity centered at −73 ppm in the reference (Figure 8a ) and REDOR (Figure 8b ) spectra, the REDOR difference spectrum (Figure 8c ) exhibits a relative maximum in 29 Si signal intensity that is clearly displaced (by 6 ppm) to ca. −79 ppm, the region that is associated with the hydrated Q 1 and Q 2 silicate species. Consequently, the extents of 29 Si signal dephasing in the REDOR measurements are greater for the hydrated Q 1 and Q 2 silicate species. Therefore, the 13 C nuclei from adsorbed sucrose molecules are shown to be in closer molecular-level proximities to 29 Si nuclei in Q 1 and Q 2 species (i.e., in calcium silicate hydrates) present at particle surfaces. 101 This suggests that sucrose molecules adsorbed strongly at calcium silicate hydrates effectively slow subsequent growth, which is consistent with results from previous calorimetry and neutron scattering measurements of silicate− water mixtures hydrated in the presence of sucrose. 83, 102 The analyses of the DNP REDOR measurements thus establish that sucrose molecules are molecularly near silanol Q 0 and hydrated Q 1 and Q 2 silicate surface species, with evidence for stronger or preferential adsorption at the hydrated silicate sites, which until now have not been elucidated because of the dilute concentrations of hydrated species and low signal sensitivity of conventional NMR techniques. 28 The proximities of NMR-active nuclei in adsorbed sucrose molecules to near-surface silicate species can be estimated on the basis of the strengths of their distance-dependent dipole− dipole interactions. Specifically, REDOR experiments can be used to quantify mean internuclear distances between such dipole−dipole-coupled 13 C and 29 Si spin pairs. The associated heteronuclear dipolar couplings between the spin pairs are averaged under MAS conditions to enhance spectral resolution. Such dipolar couplings can nevertheless be reintroduced under MAS conditions by applying a series of recoupling π pulses, with the extent of recoupling depending on the number of MAS rotor cycles (N). For example, the normalized signal intensity (S/S 0 ) determined from a series of 1D 29 Si{ 13 C} DNP REDOR experiments are plotted as a function of the number of MAS rotor cycles (N) (black solid circles), the latter of which is proportional to the total recoupling time (Figure 8d ). Intensities S/S 0 are observed to become smaller with increasing values of N, which reflect dipole−dipole interactions between 13 C nuclei in adsorbed sucrose molecules and near-surface 29 Si nuclei. The normalized signal intensity (S/S 0 ) decay can be theoretically modeled for different internuclear distances in a system of dipole−dipole-coupled spin pairs 103 and subsequently compared to the experimentally measured S/S 0 values.
For 13 C-labeled sucrose used here, the 29 Si{ 13 C} DNP REDOR analysis is complicated by multispin dipole−dipole interactions as well as by contributions from a distribution of 29 Si− 13 C internuclear distances, notably from subsurface silicate species and different configurations of adsorbed sucrose molecules. In the case of isolated dipole−dipole-coupled spin pairs, which would be the case for isotopically dilute NMR-active nuclei (e.g., natural abundance 13 C and 29 Si), a two-spin system can be used to model the decay of intensities S/S 0 . However, this is not the case for systems for NMR-active nuclei with high natural abundances, strong dipole interactions, or high levels of isotopic enrichment, the latter being the case for the 13 C-labeled sucrose used here. However, without isotopic 13 C enrichment of the adsorbed sucrose molecules, low NMR signal sensitivity renders the 29 Si{ 13 C} REDOR measurements infeasible, even with DNP signal enhancement. The use of 13 Clabeled sucrose is therefore necessary to achieve feasible signal sensitivity, and the resulting 29 Si{ 13 C} DNP REDOR measurements and analysis yield semiquantitative estimates for the proximities between the adsorbed sucrose molecules and silicate species near heterogeneous particle surfaces.
Recognizing the unavoidable challenges arising from the use of 13 C-labeled sucrose, a two-spin model can nevertheless be used to approximate the mean distances between dipole− dipole-coupled 13 C and 29 Si nuclei associated with near-surface species. The theoretical intensity buildup curves from such an analysis (details in Supporting Information) are shown as solid lines in Figure 8d for mean 29 Si− 13 C internuclear distances of 8 Å (brown), 10 Å (red), and 12 Å (orange), which exhibit different extents of S/S 0 intensity attenuation for increasing values of N. Comparison of these theoretical buildup curves with the experimental normalized intensities (black solid circles) indicates that the mean 29 Si− 13 C interatomic distance between 29 Si silicate nuclei and the 13 C nuclei in surfaceadsorbed sucrose is approximately 10 Å. Analogously, the experimental signal buildup curve was also compared with theoretical buildup curves for Gaussian distributions of 29 Si− 13 C interatomic distances (Supporting Information), which yield similar estimates (10−11 Å). It should be noted that these estimates represent average internuclear 29 Si− 13 C distances between 13 C nuclei in adsorbed sucrose and 29 Si nuclei associated with silanol and hydrated silicate species near the particle surfaces. In particular, subsurface 29 Si nuclei are also expected to contribute to the distance analysis because of efficient 1 H− 1 H spin diffusion within the hydrated surface layers and the high sensitivity of the DNP-enhanced REDOR measurements. Compared to 13 C nuclei in sucrose molecules that are adsorbed on and dipole−dipole-coupled to the outermost 29 Si surface species, subsurface 29 Si nuclei are more distant from and therefore less strongly coupled to the 13 C nuclei. The broad correlated intensity distributions in the 2D 13 C{ 1 H} DNP HETCOR spectrum discussed above corroborate such a distribution of 29 Si− 13 C internuclear distances, which reflects contributions from more distant subsurface 29 Si nuclei and diverse molecular configurations of adsorbed sucrose. Such contributions are expected to skew the mean internuclear distance to larger values, consistent with the 10 Å estimated by the DNP REDOR analysis.
In summary, for tricalcium silicate hydrated with sucrose, the 2D DNP HETCOR analyses establish strong intermolecular interactions between sucrose molecules and −SiOH and −CaOH moieties associated with dilute, but nevertheless distinct, silicate hydration products present at particle surfaces. These molecular-level interactions account for the strong adsorption of sucrose molecules near or at Ca(OH) 2 , silanol Q 0 , and calcium silicate hydrate species (e.g., hydrated Q 1 and Q 2 ). Such adsorption is likely mediated by hydrogen bonds between the carbinol moieties on the sucrose molecules and −SiOH groups as well as by electrostatic interactions of
Article partially deprotonated carbinol sucrose moieties with Ca 2+ cations at the particle surfaces. Moreover, the DNP REDOR results establish the propensity of sucrose molecules to adsorb preferentially at the hydrated (Q 1 and Q 2 ) silicate sites, compared to silanol Q 0 sites. Such competitive adsorption of sucrose molecules in place of water at silanol Q 0 and hydrated silicate sites slow the rates of surface hydration processes, which have important implications for the rheological and mechanical properties of tricalcium silicate−water mixtures.
Phosphonate-Mediated Hydration of Tricalcium Silicate. Dilute quantities (0.1% bwos) of phosphonic acid molecules, like sucrose, strongly inhibit silicate hydration processes at low-surface-area particles. Such low absolute quantities of phosphonic acid species also correspond to approximately monolayer coverages of the silicate particles (analysis in Supporting Information). Notably, although both organic molecules exhibit similar macroscopic effects on hydration, they have markedly different molecular architectures that are expected to manifest distinct adsorption interactions at silicate particle surfaces. Whereas the hydroxyl groups of sucrose (pK a 12.6) interact principally via hydrogen bonding to silanol or hydrated silicate surface moieties, hydroxyl groups on NTMP molecules (N[CH 2 PO(OH) 2 ] 3 , Chart 1) deprotonate under highly alkaline solution conditions (pH >12), leading to principally electrostatic interactions with the silicate surface. NTMP molecules possess three equivalent four-coordinated phosphorus atoms that are each covalently bonded to two hydroxyl groups. The six ionizable proton moieties dissociate sequentially under different pH conditions (with pK a values of 1.4, 4.6, 5.9, 7.2, and 12.8 for the dissociation of the second through the sixth protons, respectively) 104,105 to yield NTMP anions that are increasingly negatively charged. As a consequence, under the alkaline solution conditions used here (pH 12.7), anionic NTMP 6− and NTMP 5− species are expected to be principally present and interact electrostatically with Ca 2+ cations to form calcium phosphonate (Ca 2+ -NTMP) complexes at or near the silicate particle surfaces. Previous studies of the chelating properties of phosphonic acids, including NTMP, for mono-, di-, and trivalent cations have established the chemical kinetics of cation−phosphonate complexation. 106,107 NTMP molecules thus principally interact electrostatically at tricalcium silicate particle surfaces, competing with water, to inhibit surface hydration effectively.
As for sucrose, the influences of dilute quantities of NTMP on hydration of low-surface-area silicate particles can be established by using solid-state NMR measurements to understand their different adsorption properties. Specifically, the 29 Si MAS NMR spectrum of tricalcium silicate hydrated with 0.1% bwos NTMP (Figure 9a , top) reveals eight 29 Si signals from −68 to −75 ppm from chemically distinct anhydrous Q 0 29 Si sites from bulk particle anhydrous silicate species, similar to those observed for tricalcium silicate hydrated in the presence of sucrose (Figure 6a ). By comparison, with NTMP no detectable 29 Si signals are observed at −79 and −85 ppm from hydrated Q 1 and Q 2 silicate moieties, respectively, within the sensitivity limits of the conventional NMR measurement. This establishes that no detectable quantities of calcium silicate hydrates are formed under these conditions (4 h, 90°C), as observed for similar sucrose compositions (0.1% bwos). (Previous molecular-level studies in the literature used loadings of NTMP that were an order of magnitude higher (1−3% bwos) to control hydration.) 24 The results presented here establish that, despite the different molecular architectures of sucrose and NTMP, dilute concentrations of both organic molecules strongly inhibit silicate hydration.
The influences of NTMP molecules on tricalcium silicate hydration are expected to be due to their strong electrostatic adsorption interactions at the particle surfaces. Such molecular interactions are established by solid-state surface-enhanced 2D 29 Si{ 1 H} and 31 P{ 1 H} DNP HETCOR measurements, which provide direct evidence for interactions between adsorbed Ca 2+ -NTMP species and surface silicate moieties. For example, the solid-state 2D 29 Si{ 1 H} DNP HETCOR spectrum of tricalcium silicate hydrated (4 h, 90°C) in the presence of 0.1% bwos NTMP shown in Figure 9a exhibits strong correlated intensity between different 1 H and 29 Si signals associated with distinct silicate hydration products. Specifically, the DNP-enhanced 29 Si signals at −73 ppm (from silanol Q 0 ), −79 ppm (from Q 1 ), and −85 ppm (from Q 2 ) are correlated with the 1 H signal at 1.4 ppm from silanol groups (−SiOH), which unambiguously establish the presence of surface hydration products, even in the presence of NTMP. Intermolecular intensity correlations are observed between signals at −73, −79, and −85 ppm in the 29 Si dimension and the 1 H signals at 5.5, 5.8, and 4.8 ppm, respectively, from coadsorbed water present near silanol Q 0 , and Q 1 and Q 2 29 Si species at the particle surfaces. The spectrum reveals additional intensity correlations between 29 Si signals at −73 and −79 ppm and 1 H signals at 8.3 and 12.5 ppm that arise from hydrogen-bonded hydroxyl groups. 11 In addition, although the signal intensities in the 2D 29 Si{ 1 H} DNP HETCOR spectrum are not strictly quantitative, their comparison for different 29 Si silicate moieties reflects the presence of a greater fraction of hydrated Q 1 and Q 2 silicate species at particle surfaces in the presence of 0.1% bwos NTMP than that for tricalcium silicate hydrated with 0.1% bwos sucrose (Figure 6c ). This is in direct opposition to the conclusion that would be drawn by comparison with conventional NMR results, highlighting the importance of the new insights that are enabled by surface-enhanced DNP NMR methods. Such increased surface fractions of Q 1 and Q 2 species are consistent with the enhanced initial dissolution of Ca 2+ cations from tricalcium silicate particle surfaces that is promoted by the acidic NTMP species. 24, 108 Such rapid dissolution of inorganic species (e.g., Ca 2+ , Si(OH) 3 O − , and Si(OH) 4 ) is followed by their reaction with water, resulting in the formation of very small (<2 wt %) quantities of calcium silicate hydrates that are nevertheless manifested in the 2D 29 Si{ 1 H} DNP HETCOR spectrum. The analyses provide detailed insights regarding the distributions and mutual molecular interactions of hydroxyl moieties, water molecules, and silicate species present at particle surfaces with approximately monolayer coverages of adsorbed NTMP molecules.
The intermolecular interactions that account for the adsorption behaviors of NTMP molecules at particle surfaces are correlated to their molecular structures and reaction properties. Direct evidence of specific intermolecular interactions between dilute adsorbed NTMP (0.1% bwos) and tricalcium silicate species is provided by complementary 2D 31 P{ 1 H} DNP HETCOR analyses. For such measurements, the high natural abundance (100%) of 31 P eliminates the need for expensive isotopic enrichment, even for dilute quantities of NTMP adsorbed on silicate particles. As shown in Figure 9b , a 2D 31 P{ 1 H} DNP HETCOR spectrum provides improved signal sensitivity and 1 H resolution, compared to the accompanying 1 H MAS spectrum (Figure 9b, right) , and reveals correlated intensities between distinct 31 P and 1 H signals from surface species. Specifically, strong correlated intensity is observed between the 31 P signal at 20 ppm and the 1 H signal at 2.9 ppm, which arises from intramolecular interactions associated with the −PCH 2 − moieties in Ca 2+ -NTMP complexes (labeled i in the schematic diagram of Figure  9b ). This 31 P signal assignment is based on separate solid-state 31 P NMR measurements of neat Ca 2+ -NTMP (Supporting Information, Figure S7 ). The 2D spectrum also reveals strong correlated intensity at 20 ppm in the 31 P dimension and at 6.2 ppm in the 1 H dimension (from −CHCl 2 moieties), which reflects interactions between the Ca 2+ -NTMP species and 1,1,2,2-tetrachloroethane DNP-solvent molecules. Most importantly, intermolecular interactions account for the correlated intensity observed between the 31 P signal at 20 ppm and the 1 H signal at 1.4 ppm, the latter from silanol groups (−SiOH) previously assigned above (on the basis of the 2D 29 Si{ 1 H} DNP HETCOR spectrum in Figure 9a ). This establishes that the Ca 2+ -NTMP species are in close (<1 nm) molecular proximity to −SiOH moieties associated with surface silanol Q 0 (nonhydrated) and hydrated silicate (Q 1 and Q 2 ) species. By comparison, correlated intensity is not resolved in the 2D 29 Si{ 1 H} DNP HETCOR spectrum (Figure 9a ) between different 29 Si signals and the 1 H signal at 2.9 ppm from −PCH 2 − moieties, consistent with relatively weak dipole− dipole couplings between these more distant moieties. The NTMP molecules are expected to bind to surface sites through electrostatic interactions with Ca 2+ cations, as depicted in the schematic diagram of Figure 9b . The correlated 1 H signal intensity at 1.4 ppm is weaker than that associated with intramolecular interactions (see above), consistent with weaker intermolecular dipole−dipole couplings. In addition, correlated 2D intensity is observed between the 31 P signal centered at 20 ppm and the 1 H signal at 8.3 ppm associated with hydrogenbonded −SiOH groups. This intensity correlation manifests two partially resolved 31 P signals that are attributed to different extents of protonation of the NTMP molecules (e.g., NTMP 5− vs NTMP 6− ) 104,107 that yield different local 31 P environments in the Ca 2+ -NTMP species. Under the strongly alkaline solution conditions used here (pH 12.7), at most one of the six ionizable proton moieties is expected to be associated with a given NTMP molecule (pK a1 12.8). Consequently, the NTMP molecules are expected to be highly negatively charged and thus adsorb at cationic silicate surfaces principally via
Article electrostatic interactions, with minor contributions from hydrogen bonding to nearby −SiOH moieties. Notably, unlike sucrose, the relative extents of electrostatic and hydrogenbonding interactions of NTMP molecules can be facilely adjusted by controlling solution pH. Such nuanced differences in the compositions and structures of low-surface-area solids are thus detected and resolved by the 2D DNP HETCOR measurements. The resulting analyses unambiguously establish the presence of silanol and hydrated silicate moieties near tricalcium silicate particle surfaces, even in the presence of dilute surface-adsorbed NTMP, along with their mutual interactions that inhibit further hydration.
Consequently, although dilute concentrations of NTMP or sucrose molecules both hinder silicate hydration to similar extents, they do so via significantly different adsorption behaviors that arise from their distinct molecular architectures and corresponding interactions under alkaline solution conditions. In contrast to NTMP, sucrose molecules predominantly adsorb through hydrogen bonding between their carbinol moieties and the −SiOH groups on silanol Q 0 , portlandite, or calcium silicate hydrate sites, with evidence for stronger or preferential adsorption on calcium silicate hydrates. The DNP NMR results support the different adsorption characteristics exhibited by low absolute concentrations of sucrose and NTMP molecules at tricalcium silicate particle surfaces and provide new insights regarding the organicmediated hydration chemistry of silicate−water mixtures. Macroscopic hydration is effectively inhibited by approximately monolayer coverages of silicate particles by organic molecules, which competitively adsorb in place of water. Importantly, under these industrially relevant compositions, there are no excess multilayers of adsorbed molecules that otherwise represent an additional diffusion barrier to water, which is present at higher concentrations of organic species. Adsorption of dilute organic species at silanol Q 0 (nonhydrated) surface sites restricts the adsorption of water, consequently hindering hydration reactions that would otherwise proceed because of the dissolution of ions (e.g., H 3 SiO 4 − and Ca 2+ ) and partial polymerization of the silanol Q 0 species to yield calcium silicate hydrates (Q 1 and Q 2 species). The organic molecules can also adsorb directly on early stage silicate hydration products, including calcium silicate hydrates and portlandite (Ca(OH) 2 ), to slow or limit their further growth. 14 The results presented here therefore establish that formation of silicate hydration products is inhibited by the competitive adsorption of dilute organic species versus water on low-surface-area particles. The different molecular architectures and interactions of such dilute organic species correlate with their different adsorption behaviors, which yield surprisingly similar influences on the rates of surface hydration phenomena.
■ CONCLUSIONS
The effects of sucrose and phosphonic acid molecules on surface hydration of tricalcium silicate particles, although macroscopically similar, are shown to result from very different adsorption behaviors associated with their distinct molecular architectures. Until now, such subtle differences in the competitive adsorption of dilute organic molecules in place of water at silicate surfaces have been exceedingly challenging and often infeasible to establish because of low absolute concentrations of organic species, low particle surface areas, low isotopic natural abundances of NMR-active species, and low sensitivities of conventional NMR techniques. By comparison, recently introduced surface-enhanced DNP NMR methods provide significantly improved sensitivity that enable dilute surface-adsorbed species to be measured and analyzed in industrially important systems. These include solidstate 2D 13 C{ 1 H}, 29 Si{ 1 H}, 31 P{ 1 H} DNP HETCOR, and 29 Si{ 13 C} DNP REDOR measurements of dilute (∼0.1% bwos) sucrose or phosphonic acid species that are used to mediate hydration of low-surface-area (∼1 m 2 /g, nonporous) tricalcium silicate, an industrially important cementitious material.
The analyses yield insights on the molecular interactions that underlie organic-mediated hydration at silicate surfaces, which directly affect the rheological and mechanical properties of cement−water mixtures. Specifically, the DNP NMR results establish that sucrose molecules adsorb at silanol and silicate hydration products, notably calcium silicate hydrates and calcium hydroxide (portlandite), principally via hydrogenbonding interactions. Furthermore, the measurements provide evidence for stronger or preferential adsorption of sucrose at the hydrated silicate sites compared to that at the silanol sites. Additionally, the results also suggest that partially deprotonated carbinol groups likely interact electrostatically with Ca 2+ cations that are expected to facilitate surface adsorption of sucrose. Such adsorption behaviors are correlated with the specific stereochemistry of the disaccharide molecules and their stability under alkaline conditions because of the nonreducing character of the α−β glycosidic bonding configuration. By comparison, under alkaline conditions NTMP molecules adsorb strongly but nonselectively at or near silanol and hydrated silicate species principally via electrostatic interactions to form Ca 2+ -NTMP complexes at particle surfaces. In general, phosphonic or related organic acids with multiple ionizable proton moieties present opportunities to adjust the relative extents by which the acids interact electrostatically or through hydrogen bonds with inorganic oxide surfaces. Thus, although sucrose and NTMP inhibit hydration of surface silicate species by competing with water for adsorption sites, their respective surface interactions are notably different because of their distinct molecular architectures. The analyses and insights presented here are expected to provide criteria for the rational design and use of adsorbate species to mediate reaction processes at heterogeneous inorganic oxide surfaces, including hydration, dissolution, crystallization, corrosion or adhesion.
■ ASSOCIATED CONTENT
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Additional solid-state 1D and 2D NMR spectra, experimentally measured 1 H and 13 (101) Small quantities of 1,2-dichlorobenzene (frozen DNP solvent) are expected to also be present at or near the silicate particle surfaces (though associated 29 Si− 1 H dipolar interactions are too weak to be detected in the 2D 29 Si{ 1 H} DNP HETCOR spectrum of Figure 6c ). Because of the low (1.1%) natural isotopic abundance of 13 C moieties in 1,2-dichlorobenzene, they are unlikely to attenuate the 29 Si signals of silicate surface species in the DNP REDOR measurements. Within a hemispherical volume of radius ca. 10 Å from a 29 Si nucleus at the particle surface, the relative populations of 13 C nuclei associated with 13 C-labeled sucrose and the DNP solvent are estimated to be at least 100:1. (105) The sixth ionizable proton on NTMP is associated with the nitrilo nitrogen, which accounts for the large difference between the values of the fifth and sixth deprotonation constants (pK a ). (108) An aqueous 5 wt% NTMP solution has a pH ∼1.
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Influences of Dilute Organic Adsorbates on the Hydration of Low-Surface-Area Silicates
Rahul P. Sangodkar, 1 S8 Figure S5 . Solid-state 2D 29 Si{ 1 H} HETCOR NMR spectrum of hydrated tricalcium silicate (4 h, 90 °C, no organic species) acquired at 11.7 T, 25 °C, and 10 kHz MAS to probe the immediate molecular proximities (<1 nm) of different silicate species. Quantitative 1D single-pulse 29 Si and 1 H MAS spectra are shown along the horizontal and vertical axes, respectively, for comparison with the 1D projections of the 2D spectrum. 29 Si signal lineshape deconvolution analysis of the 29 Si MAS spectrum (Figure 3a) establishes that approximately 58% of the anhydrous Q 0 29 Si species have converted to form hydrated Q 1 (38%) and Q 2 (20%) 29 Si species associated with calcium-silicate-hydrates. Correlated 2D signal intensity is observed between 29 h, respectively. The 2D spectrum exhibits similar intensity correlations as those observed in the 2D 29 Si{ 1 H} DNP HETCOR spectrum (Figure 6c ) of tricalcium silicate hydrated, under otherwise identical conditions, except in the presence of 0.1% bwos sucrose. This provides strong evidence to indicate that the molecular-level structures of dilute hydrated Q 1 and Q 2 29 Si surface species formed at early times (4 h) upon hydration in the presence of sucrose are chemically and structurally similar to bulk Q 1 and Q 2 29 Si species observed after hydration without sucrose. S10 Figure S6 . Solid-state surface-enhanced 2D 13 C{ 1 H} DNP HETCOR spectra of hydrated tricalcium silicate (4 h, 90 °C) with 0.1% bwos 13 C-labeled sucrose acquired with different contact times of (a) 0.5 ms and (b) 1.5 ms. These spectra are identical to those shown in Figure 7 of the manuscript, except presented over a wider 13 The broad line width (9 ppm full-width-half-maximum, fwhm) of the 31 P signal establishes the presence of a distribution of local 31 P molecular environments in the Ca 2+ -NTMP complex. This is consistent with its amorphous nature as established by the absence of distinct indexable reflections in complementary X-ray diffraction measurements. Additionally, the 31 P MAS spectrum exhibits weak 31 P signal intensity centered at 4 ppm that is associated with calciumphosphate-like species. [1] [2] [3] The formation of these calcium-phosphate-like species occur as a result of the reaction of dissolved Ca 2+ cations with small quantities of impurities (e.g., phosphoric acid, phosphonic acid) present in the neat NTMP solution (~80% of 31 P in neat solution is NTMP). S12 Figure S8 . Solid-state 1D 13 C{ 1 H} CPMAS spectra of (a) hydrated tricalcium silicate (4 h, 90 °C) with 1% bwos 13 C-labeled sucrose, (b) crystalline sucrose, and (c) hydrated tricalcium silicate (4 h, 90 °C) with 0.1% bwos 13 C-labeled sucrose. The spectra were acquired at 11.7 T, 25 °C, 10 kHz MAS, and using a 4 mm MAS rotor. The CPMAS spectra were recorded over total experimental times of (a) 68 min and (c) 333 min. Inset in (a) shows a structural representation of sucrose with the chemically distinct carbon atoms labeled (in blue) corresponding to different partially resolved 13 C NMR signals.
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Estimated coverages of organic molecules on the tricalcium silicate particles
The surface area of tricalium silicate was determined separately by using nitrogen adsorption measurements and dynamic light scattering, which yield similar values of 1.1 m 2 /g and 1.4 m 2 /g, respectively.
Sucrose
For a basis of 1.00 g of tricalcium silicate (Ca 3 SiO 5 ) and 0.1% sucrose by weight of solid Figure S9 ) were conducted using continuous wave (CW) microwave irradiation at 263 GHz, 105 K, 9.4 T, and 10 kHz MAS. The experiments were conducted using a Bruker 3.2 mm H-X-Y triple resonance variable temperature MAS probehead configured for 1 H-13 C- 29 Si experiments.
The 29 Si magnetization was generated by cross-polarization from the DNP enhanced 1 H polarization to enhance the signal sensitivity, especially to dilute surface-adsorbed sucrose species, by the cross-effect mechanism of DNP. Heteronuclear 29 Si-13 C dipolar couplings are measured by reintroducing them under MAS conditions, using a series of rotor-synchronized 13 C radio frequency π-pulses and assessing the magnitude of the corresponding 29 Si signal intensity attenuation. Reintroduction of the dipolar interactions requires extended periods during which high power pulses are applied that may result in undesirable heating of the frozen sample and probehead electronics. This can potentially result in attenuated 29 Si signal intensity in the recoupled spectrum (S), compared to the 29 Si signal intensity (S 0 ) in the reference echo spectrum.
To eliminate such unwanted contributions to signal dephasing, the DNP REDOR measurements discussed here were conducted with the application of 13 C recoupling pulses either 200 kHz offresonance, to yield the reference echo spectrum (S 0 ), or on-resonance, to yield the spectrum with dipolar-dephased 29 Si signal intensity (S). With this protocol, it is expected that the spectra acquired without and with the reintroduction of heteronuclear dipolar couplings are measured under otherwise identical experimental conditions (e.g., local temperature, MAS rate). The REDOR technique, in combination with the dramatic signal enhancement afforded by novel solid-state DNP NMR methods, thus enable detection and measurement of weak (5) (6) (7) (8) (9) (10) heteronuclear dipolar interactions between dilute surface moieties. S15 Figure S9 . Schematic diagram of the solid-state 1D 29 Si{ 13 C} DNP REDOR experiment. The 13 C dipolar recoupling π-pulses are applied off-resonance to yield a reference echo spectrum with 29 Si signal intensity S 0 , and applied on-resonance to yield the spectrum with dipolar-dephased 29 Si signal intensity (S) under the influence of reintroduced 29 Si-13 C dipole-dipole couplings.
The dipolar-dephased 29 Si REDOR signal intensity can be simulated as an infinite series of Bessel functions of the first kind: 4
, (1) where J k is a Bessel function of the first kind, T r is the experimental rotor period (10 -4 s), N is the number of rotor periods (4-502), and D is the dipolar coupling constant (in Hz) between 29 Si and 13 C nuclear spins. The dipolar coupling constant (in Hz) can be calculated as, ,
where µ 0 is the permeability of free space, γ
Si and γ C are the gyromagnetic ratios of 29 Si and 13 C, respectively, ħ is Planck's constant (h) divided by 2π, and r is the internuclear distance between 29 Si and 13 C spins. For the calculations presented here, the 29 Si DNP REDOR signal intensity was simulated by using a series up to and including the fifth-order Bessel function of the first kind. The experimental DNP REDOR data was fit by using models with either a single average interatomic distance (see main text of paper) or a Gaussian distribution of interatomic distances defined by a mean and standard deviation, the latter of which are shown in Figure S10 . 
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The theoretical DNP REDOR S/S 0 buildup curves were determined for several Gaussian distributions of 29 Si-13 C internuclear distances, with different mean values and standard deviations. The resulting theoretical buildup curves for Gaussian distributions of interatomic distances with means of 11 Å (standard deviation of 2 Å, green) and 12 Å (standard deviation of 3 Å, red) are shown in Figure S10b . Specifically, they exhibit a more rapid decrease in S/S 0 with increasing number of rotor cycles N, compared to the corresponding buildup curves predicted for a single interatomic distance (Figure 8d ). Comparisons of the normalized experimental intensities (black data points, Figure S10b ) with the theoretical buildup curves associated with the different Gaussian distributions of 29 Si-13 C interatomic distances indicate that the former can be closely fit by the distributions presented here (mean distance of 11 Å and standard deviation of 2 Å or mean distance of 12 Å and standard deviation of 3 Å). For fits with Gaussian distributions of interatomic distances, the mean interatomic distance is marginally higher than that calculated based on a model with a single mean interatomic distance. This is attributed to the fact that a Gaussian distribution of interatomic distances consists of a set of short distances that correspond to rapid dephasing of the 29 Si signal intensity. However, the rapid dephasing caused by short internuclear distances is more than offset by a large population of spin pairs within the Gaussian distribution that have large internuclear separation, which show little or negligible dephasing. The minimum 29 Si-13 C distance in the Gaussian distribution model was limited to 6 Å, based on the typical lengths of covalent and hydrogen bonds between 13 C species in adsorbed sucrose molecules and surface silicate moieties (e.g., - 29 Si-O-H … O-13 C-). An upper limit of 30 Å was used, as the model is insensitive to large 29 Si-13 C internuclear distances due to the very low populations of internuclear distances above 25 Å in the Gaussian distributions. S17 Figure S10 . (a) Different distributions of 29 Si-13 C interatomic distances used to simulate the 1D 29 Si{ 13 C} DNP REDOR dipolar 29 Si dephasing curves in Figure S10b . The minimum 29 Si-13 C distance was limited to 6 Å. Accordingly, the solid lines represent distributions that were incorporated into the model; the dotted portions (<6 Å) were disregarded. (b) Extents of 29 Si signal attenuation plotted versus the number of MAS rotor cycles, as measured (black dots) in a series of 1D 29 Si{ 13 C} DNP REDOR S/S 0 (dipolar-dephasing) experiments. The solid lines correspond to intensity decay curves determined theoretically for different Gaussian distributions of 29 Si-13 C interatomic distances with mean values (µ) and standard deviations (σ) of µ = 11, Å σ = 2 Å (green) or µ = 12 Å, σ = 3 Å (yellow).
